ABSTRACT. An optical interferometry system has been used to study the dynamics of the dissolution of anorthite (010) cleavage surfaces. With this technique, it is possible to measure directly the surface retreat of alumino-silicates as a function of time and thereby the dissolution rate using a new application of interferometry. Vertical scanning white light interferometry (VSWLI) provides about 0.5 to 1.5 m lateral resolution and near atomic scale vertical resolution on the order of 2 nm for surface features up to 100 microns high. Dissolution rates are determined directly from the surface-normal retreat of the anorthite surface over time.
1. INTRODUCTION The rates of mineral-fluid reactions depend on a variety of geologically important variables. These variables include the mineral structure, surface defects, the reactive surface area, adsorbed ligands, pH, temperature, pressure, and ⌬G of the mineral reaction. Both the structure of the solution near the mineral surface and the structure of the mineral surface affect the mechanism of precipitation and dissolution of minerals. Most of the kinetic data that can be used to delineate the relations between the variables listed above and the mineral reaction rate have been obtained using bulk flow-through experiments (Chou and Wollast, 1984; Dove and Crerar, 1990; Brady and Walther, 1989, 1992; Stillings, Brantley, and Machesky, 1995; Stillings and others, 1996; Mast and Drever, 1987; Rimstidt and Dove, 1986) . These data, then, have been used to obtain phenomenological rate laws (Lasaga, 1998) . On the other hand, ab-initio methods have been used to analyze the relation between the bonding energetics of surface and solution atomic and molecular species and the rate constants, activation energies, and mechanisms of the mineral-fluid reactions (Xiao and Lasaga, 1994a, b) .
An essential element needed in addition to the bulk and the ab-initio methods is the direct observation of the dynamics of mineral surfaces in contact with fluids. Originally, these observations were based on SEM techniques (Petrovic, Berner, and Goldhaber, 1976; Schott, Berner, and Sjoberg, 1981; Berner and others, 1980; Berner and Schott, 1982; Berner and Holdren, 1979; Holdren and Berner, 1979; . . .) , XPS (Petrovic, Berner, and Goldhaber, 1976; Schott and Berner, 1983a, b) , or H-depth profiling (Petit and others, 1987) . More recently, atomic force microscopy (AFM) or scanning force microscopy (SFM) has been done on carbonates (Hillner and others, 1992; Liang and others, 1996; Stipp, Eggleston, and Nielsen, 1994; Dove and Hochella, 1993; Dove and Platt, 1996) , apatite (Valsami and others, 1998) , barite (Bosbach, Hall, and Putnis, 1998) , iron oxides (Liu and Huang, 1999) , muscovite (Zhang and Bailey, 1998) , albite (Drake and Hellman, 1991) , and quartz (Kumar and Dove, 1996) to get a better understanding of the kinetic mechanisms, although it has been hard to obtain dynamic data continuously as a function of time. This paper advances the study of mineral surface dynamics by using the technique of interferometry.
Any modern attempts to quantify complex natural systems require accurate rate laws for the mineral surface reactions including dissolution and growth (Dove and Elston, 1992; Berger and others, 1994; Chen and Brantley, 1997, 1998; Gratz and Bird, 1993a, b; Shiraki and Brantley, 1995; Lasaga and others, 1994; Lasaga, 1995 Lasaga, , 1998 Lü ttge, Neumann, and Lasaga, 1998; Lü ttge and others, 1999) . Most studies to date have used mineral powders reacting in flow-through systems to obtain the essential kinetic data for mineral-fluid processes. The results of these mineral powder experiments reflect the influence of a variety of different surface sites on dissolution/precipitation rates. These experimental systems have provided and will continue to provide very useful kinetic data.
However, there are several important questions and concepts that need to be addressed in new ways in order to verify and extrapolate the kinetic rate laws from the laboratory to the field. The proper handling of surface area both in the laboratory and in the field is a prominent concern. In addition, the mechanisms involved in generating the ⌬G dependence of the rate, acid catalysis, salt catalysis, or aluminum inhibition need to be much better understood and related to the dynamics taking place on the mineral surfaces.
There has been much discussion in the literature and elsewhere about the sometimes dramatic differences between rate constants obtained from box models of watersheds in nature and those obtained by flow-through experiments in the laboratory. While many factors contribute to this discrepancy (Velbel, 1984 (Velbel, , 1986 (Velbel, , 1989 (Velbel, , 1993 Casey and others, 1993; Swoboda, Norbert, and Drever, 1993) , it is quite clear that the treatment of reactive surface area both in natural studies and in the laboratory is of paramount importance. For example, the laboratory data are normalized to surface area of the minerals by using the total surface area as measured by the BET method (Brunauer, Emmet, and Teller, 1938) . On the other hand, the field data are most likely even less constrained in obtaining an accurate number for reactive surface area. In this case, not only is the heterogeneous distribution of different minerals and mineral textures quite problematic, but also the contact time of solutions with this heterogeneous solid interface is very variable and hard to obtain from rainfall data, evaporation/runoff data, groundwater data, and soil and plant water saturation data. Yet, the overall kinetics are governed by molecular processes at the reactive sites on the mineral surface. How applicable the BET method is to enable extrapolation to other surface conditions, for example, natural systems, can only be tested by methods, such as the one discussed in this paper. To resolve the possible source of the differences, it is most expeditious to resolve the fundamental questions arising from the way in which reactive surface area is assumed to be related to physical surface area or to the area represented by the adsorption of a noble gas.
An important result obtained for several mineral-fluid systems has been the dramatic dependence of the dissolution rates on the ⌬G of the dissolution reaction (Burch, Nagy, and Lasaga, 1993; Nagy and Lasaga, 1992; Cama, Ganor, and Lasaga, 1994; Lasaga and others, 1994; Taylor and others, 1999) . In particular, one important discovery has been the existence of a possible surface phase transition and a change in reaction mechanism as the ⌬G decreases below a certain critical value. This transition and the critical value of ⌬G has been associated with the opening of etch pits at the surface outcrops of dislocations (Lasaga and Blum, 1986; Brantley and others, 1986; Blum and Lasaga, 1987) . Dissolution experiments carried out far from equilibrium are dominated by the formation and growth of many etch pits on the mineral surface. Experiments carried out much closer to equilibrium depend much more on the dynamics of steps and kink sites on fairly flat mineral surfaces. The experimental study discussed in this paper focuses first on the rates and mechanism relevant to reactions occurring far from equilibrium. Therefore, as will be elaborated below, the dynamics of etch pits will play a central role in determining the overall dissolution reaction mechanism. Future work will study the dissolution of anorthite much closer to equilibrium and, therefore, will explore the kinetic behavior of steps and kinks on euhedral surfaces.
The kinetic study of mineral surfaces requires a combination of kinetic theory, macroscopic experiments, field observations, and atomic scale observations. While research has been involved in all four aspects, the atomic scale observations of mineral surface dynamics needed to make fundamental changes in our kinetic paradigms have been quite limited. In particular, the study of common minerals with ''slow'' rates of reaction has been very meager. The application of interferometric techniques can be used to overcome some of the limitations of AFM and SFM and therefore to break new ground in the near atomic scale study of mineral surfaces, the reaction mechanism of water-rock interactions, and overall rate laws.
The role of Bob Berner in promoting the proper use of physical chemistry in understanding water-rock interactions and geochemical cycles is unquestionable. Bob Berner's work has always focused on relating measurements of processes in natural waters to the physical chemistry of both the solutions and the solid-solution interface (Petrovic, Berner, and Goldhaber, 1976; Schott, Berner, and Sjoberg, 1981a, b; Berner and others, 1980; Berner and Schott, 1982; Berner and Holdren, 1979; Holdren and Berner, 1979; Schott and Berner, 1983a, b; Petit and others, 1987) . This focus included understanding the role of chemical bonding at the mineral surface and its relation to reaction rates. Bob was one of the pioneers in stressing the need to look directly at mineral surfaces rather than inferring the kinetic processes only from measurements in solution. This was a pivotal role in the maturing of the science of water-rock interactions (Petrovic, Berner, and Goldhaber, 1976; Berner 1978) . His work on etch pit development (Berner and Schott, 1982; Schott, Berner, and Sjoberg, 1981; Berner, 1983, 1985; Berner, Holdren, and Schott, 1985) was very influential on our own work (Lasaga and Blum, 1986; Blum and Lasaga, 1987; Lü ttge and Metz, 1991) . The approach developed in this paper to studying reactions on mineral surfaces at the near-atomic level is indeed resonant with all the ideas and the vision provided by Bob Berner for many years.
EXPERIMENTAL METHOD
The interferometric approach used in our measurements builds on earlier work carried out by Ohmoto and others, 1991; Onuma, Tsukamoto, and Sunagawa, 1991; Onuma, Tsukamoto, and Nakadate, 1993; Maiwa, Tsukamoto, and Sunagawa, 1990; MacInnis and Brantley, 1993; Tsukamoto, Onuma, and MacInnis, 1993; Onuma, Karneyama, and Tsukamoto, 1994 . Because interferometry is a relatively new approach to the study of the kinetics of silicate-fluid reactions, we feel that it is helpful to provide a more detailed description of the method itself. We have used a scanning white light phase shift interferometer (MicroXam, ADE-Phase Shift Technology) to quantify the surface dynamics during dissolution (and growth) processes. The scanning technique uses Mirau objectives, that is, the objective is the interferometer (see fig. 1 ; here 10ϫ and 40ϫ objectives are used). A main advantage compared to other interferometric techniques, which use an open beam path, is that the system is very compact and does not need an expensive clean-lab. However, it is necessary to avoid vibrations as much as possible. We found that use of an anti-vibration air table works successfully. The technique provides near-atomic scale investigations with a vertical resolution of better than 2 nanometers and a lateral resolution of 0.5 to 1.2 microns (depending on the objective used). A ''large'' vertical scan range of the analytical system is an important prerequisite to study ''real'' mineral surfaces that have often steps with several microns or even tens of microns height differences. This requirement often limits the application of atomic force microscopy. Scanning white light interferometry provides a vertical scan range of up to 1 mm, and, therefore, the possibility to study macro-steps on crystal surfaces. An optimal setting is to employ a scan range up to 100 microns with a vertical resolution of about 20 Å. At the same time, the field of view is large compared to that of an atomic force microscope, that is, 500 ϫ 500 microns (10ϫ objective) or 140 ϫ 156 microns (40ϫ), respectively. This large field of view is critical to be able to study the dynamics of the spatially heterogeneous dissolution (or growth) processes, because the same spot on the surface can easily be found again and again. Vertical changes of the surface topography at the scale of a few unit cells can be quantified over a relatively long run duration (over several hundred hours). The relative high vertical resolution, large vertical scan range, large field of view and stability for up to weeks at a time opens up a whole new field, because it is now possible to study the very slow dissolution of silicates over long times even close to equilibrium. As a consequence, even dissolution close to equilibrium can be studied leading to an understanding of the ⌬G dependence of the dissolution/growth process.
Optical interferometry is a common tool for measuring the microscopic topography of surfaces. For examples, it is often used to carry out quality assurance in the production process of computer chips. Conventional interferometry methods produce contour maps of the surface in the form of dark and light fringes. The sketches in figures 1 and 2 show the general idea of the technique used here: In figure 1A , white light is emitted by a conventional light source as used in petrographic microscopes. A beam-splitter inside the Mirau double-beam interferometer objective splits the beam into two beams. One of the beams travels to a reference surface and is, therefore, called the reference-beam. In the case of a Mirau objective, the reference is a mirror built into the objective (see fig. 1B ). The other beam is the so-called sample-beam, which travels directly to the sample surface. Both beams are reflected at the reference and sample surface, respectively. The path length of the sample-beam varies by 2⌬h i relative to a reference height, for example, the highest or deepest spot of the sample surface (⌬h i is the difference in surface height between a certain location i on the sample surface and the reference height). The sample-and the reference-beams are reflected back and will interfere with each other. The constructive and destructive interference of the light produces maxima and minima of light intensity, seen in the microscope as light and dark fringes ( fig. 2 ). The image with the fringes is called an interferogram. This interferogram contains all the information about the surface topography. It is possible to extract this information quantitatively, because the distance between a minimum and a maximum of the interferogram is known, that is, exactly half the wavelength of the light source (/2). Therefore, with a simple interferogram the vertical resolution of the technique would be also limited to /2. Given a laser light with a wavelength of 300 nm the resolution would be only 150 nm. This resolution is not good enough for a detailed near-atomic scale investigation of mineral surfaces.
Fortunately, the vertical resolution of the technique can be improved significantly by moving either the reference or the sample by a fraction of the wavelength of the light using high precision piezo-ceramics. In this way, several interferograms are produced that are all overlayed, and their phase shifts compared by the computer software ( fig. 2 ). Phase shift interferometry (PSI) is a technique that provides one nanometer height resolution with a lateral resolution on the order of 1 micron (Bruning and others, 1974; van Enckevort, 1992; Onuma, Tsukamoto, and Nakadate, 1993; Onuma, Karneyama, and Tsukamoto, 1994) . We use a PSI system manufactured by ADE-Phase Shift Technologies that is incorporated into a standard microscope. White light provides a much larger scan range than one would expect by using monochromatic light. In this case of white light vertical scanning interferometry, the sample stage is continuously moved along the vertical axis in order to scan the surface topography. This technique produces again a number of interferograms. A high precision piezo ceramic (ZSCAN DSP) allows 7 microns of vertical relief to be imaged per second. The surface height, which is in focus at a certain time, is usually small if white light is used. The reason for this is that the focal condition is much more complex if a variety of wavelengths is used at the same time. As a consequence, the actual interferogram shows only a small range of fringes that moves across the sample surface during the scan process ( fig. 2 ). Up to 100 microns of relief can be scanned this way. The interferograms are digitized with a CCD camera and converted into a topographic map with MAPVUE software (ADE-Phase Shift Technologies).
With the use of monochromatic light, the scan range would be limited to only 4 microns, and thus the range would be comparable to the range in atomic force (AFM) or scanning force microscopy (SFM). The improvement of the scan range in combination with the high vertical resolution and the large field of view is critical for the investigation of surface kinetics over a long run duration as discussed above. In addition, use of an internal reference enables interferometry to quantify the absolute height differences, which has not been possible before. The fact that light is used for the measurements presents advantages as well as a disadvantage, because the lateral resolution is certainly limited to that of regular microscopy. Therefore, scanning white light interferometry is an important complementary analytical and experimental technique to AFM, SFM, and (environmental) SEM methods.
All our experiments were performed in a flow-through reactor system (see fig. 3 ). 0.001 M perchloric acid solution (pH 3) is pumped in a circuit with a Masterflex 7553-30 pump (Cole-Palmer Instrument Company). The constant flow rate was about 10 ml per minute. Freshly cleaved pieces [(010) surface] of anorthite (An 98 ) from Miyake-jima, Tokyo, Japan (Wards) were used as samples. These samples were glued with epoxy to a Fig. 2 . Sketch illustrating the basic idea of white light scanning interferometry: the sample is continuously moved along the vertical axis in order to scan the surface topography. A series of interferograms is taken during the scan process. Due to the complex focal conditions for white light, there is only a small range of fringes observable at any time unless the sample surface is extremely flat and exactly leveled. All interferograms are automatically overlayed using the MAPVUE system software. From the ''stack'' of interferogram the topographic information is extracted resulting in a height field representing the topography of the surface. specially designed sample holder made from titanium (see discussion below). The temperature of 25°C was kept constant within a range of Ϯ0.1°C by the use of a large water-bath and a thermostat (Tempunit TU-16D, Techne).
The presence of a reference surface is critical to obtain absolute reaction rate measurements. Interferometry allows a solution to this problem, because of the relatively large field of view. We have used an approach that covers several small spots on the pristine anorthite surface with a high-temperature silicon rubber (Pertex HI-T RTV) as reference. This silicon rubber can then be taken off easily at later stages of the experiment, exposing unreacted anorthite surfaces. The addition of Pt-foil was not found helpful, because of the very high reflectivity (compared to the anorthite surface) and the difficulties in handling Pt-chips that are only a few microns in size.
The conditions in the flow-through system were such that the kinetics in these experiments were measured at the so-called dissolution plateau, where the dissolution process is independent of ⌬G. Samples of the solution were taken at the beginning, at the end, and also throughout the experiment. The solution samples were checked with an ICP (Perkin Elmer). No sample showed any significant increase within the resolution of the ICP in the concentration of Si, Al, Ca, or Na. The total run time of the experiment was 168 hrs, with measurements taken after 48, 84, 120, and 168 hrs. All measurements were taken ex situ. To perform the measurements, the sample was taken out of the flow-through cell and immediately dried with compressed air (2-3 min). The dissolution rate of silicates is slow at 25°C; therefore, there should not be any significant change in the surface topography within the relatively short period that it takes to dry the sample surface. A ''blind'' experiment shows that no measurable surface retreat occurs during this short period of time. The time intervals of the runs were chosen large enough so that the surface retreat was always in the range of several hundred nanometers. Because interferometry can measure changes in height to an accuracy of a couple of nanometers, the error in the total dissolution rate would be much less than 5 percent and, therefore, much better than any other technique that is presently available. There is also possible error arising from comparison of the different surface profiles during the time evolution. More discussion of this error will be done below. 
RESULTS AND DISCUSSION
3.1. 3-dimensional plots of the anorthite surfaces.-The MAPVUE software converts the digitized interferograms of the anorthite surface directly into topographic height fields. Using a 40ϫ Mirau objective, each data array corresponds to a field of view of 156 ϫ 140 microns represented by a height data array of 256 ϫ 241 points with a lateral spacing of about 0.5 microns between data points. These data files were extracted as ASCII (UDF) files and further analyzed by software we developed. The complete anorthite (010) cleavage surface was mapped before the dissolution experiment was started. Based on this initial study, 15 different regions were chosen on the surface for further investigation. These 15 regions were then monitored throughout the experiment for the evolution of the topography. In the following, we present three-dimensional plots of regions [04], [11], and [15] . Each of these three regions represents a different characteristic part of the surface.
Region [04] is a (010) cleavage surface ( fig. 4A ) and is clearly very flat at the nanometer level of the interferometer. The largest step heights in this region are only in the one digit nanometer range. The large step in the background of figure 4A is not part of the original anorthite surface but is silicon rubber. As discussed above, the silicon rubber is used to cover and protect a part of the pristine surface against dissolution and to serve as the reference surface, which will be used later. It is interesting that, although flat on the nanometer scale, the surface shows the presence of some dust particles (front right hand corner). Early work on water-rock kinetics discovered that untreated surfaces contained numerous very fine-grained particles, which dissolved preferentially (Petrovic, Berner, and Goldhaber, 1976) . This work led to the necessity of cleaning the surface prior to the dissolution experiment (for example, Petrovic, Berner, and Goldhaber, 1976; Berner and Holdren, 1977, 1979; Holdren and Berner, 1979; Tanner, Kerrick, and Lasaga, 1985) . The interferometer surface-scan in figure 4A illustrates further the difficulty in cleaning the surface of all small particles, because this measurement was taken after an intensive ultrasonic cleaning procedure. Note, however, that the particles disappear during the dissolution process. After 48 hrs ( fig. 4B ), the surface is free of small particles.
The sequence ( fig. 4A-E) shows the actual process of dissolution of the anorthite surface with time. The first obvious feature is that the dissolution process is certainly strongly heterogeneous, that is, the etch pits are not homogeneously distributed over the surface area. It is usually assumed that etch pits occur at the outcrops of dislocation defects. The distribution of dislocations obviously determines dissolution features. There are large parts of the surface that stay flat and dissolve much more slowly during the early stages of the experiment (up to 84 hrs). During the initial dissolution process, not only does the depth of each etch pit increase but also the total number of etch pits steadily increases. However, in the later stages of dissolution, the number of etch pits levels out as the etch pits begin to coalesce. Figure 4A to E shows that the process of coalescence produces several linear features that often look like ''canyons.'' These linear features are usually crystallographically oriented. The walls of the etch pits are very steep, at least at the 0.5 micron lateral resolution of our interferometer. Figure 4F exhibits a close up view of the steep ''canyons'' produced by the etch pit coalescence. Figure 4E shows region [04] after 168 hrs with the silicon rubber removed. It can be easily seen that, at this stage of the dissolution process, the whole surface has retreated significantly (about 350-400 nm). Creation of a reference surface by the application of the adhesive (silicon rubber) followed by its removal at the end of the experiment is essential to obtain absolute dissolution rates accurately. Much more will be discussed about absolute measurements and bulk dissolution rates in the section below. Figure 4E shows that the surface is now very rough, but there are new flat areas evolving from the coalescence of etch pits. The flat parts on the left-hand side of figure 4E are clearly deeper than the pristine reference surface ( fig. 4A ). These flat lands might now develop a second generation of etch pits. This observation leads to the suggestion that the dissolution mechanism of anorthite might produce cycles of fast and slower dynamics. However, more work has to be done to test this hypothesis.
The observations described above are confirmed by the evolution of region [15] (figs. 5A-E) on the same (010) cleavage surface. Figure 5A to E also shows the process of etch pit coalescence discussed for region [04] . Region [15] has an additional feature, the presence of a large step. The step height is about 1.5 microns. Measurements of this step show that the upper edge becomes more and more rounded through the dissolution process. On the other hand, the walls of the step erode like a cliff.
While regions [04] and [15] represent the evolution of the freshly cleaved (010) anorthite surface, region [11] is different ( fig. 6 ). This part of the surface was found at the bottom of a ''large'' hole on the cleavage face. The hole is about 90 microns deep and was identified as an inclusion opened by the cleavage process. It is not clear whether the inclusion contained fluid or solid (glass or mineral). At any rate, the bottom of the fresh surface in this case represents an uncleaved original anorthite surface that was not exposed to any stress during the cleavage process. The three-dimensional plot ( fig. 6A ) shows a very smooth initial surface (again, at the nanometer level). The evolution of this surface during the dissolution process is similar to that observed at regions [04] and [15] . However, one main difference is the lack of any linear dissolution features. This difference may arise from the differences in the crystallographic orientation of the surface. The kinetic behavior of region [11] , aside from the lack of crystallographically controlled train of etch pits, is similar to that of regions [04] and [15] . The dissolution of region [11] is quite heterogeneous, and the etch pits coalesce strongly during the reaction ( fig. 6A-E) . In addition, the growth rate of the etch pits is nearly the same as we will see in the following discussion of the results obtained from single etch pit measurements.
3.2 Single etch pit measurements.-Besides the measurement of bulk surface retreat (see below), we have measured the individual ''growth'' rates of single etch pits in all 15 regions of the anorthite surface. Single etch pits were studied qualitatively using the 3-dimensional plots of the data sets and the subsets extracted. Detailed studies show that most of the etch pits are flat-bottomed and most often are box-shaped. Besides the flat-bottomed pits, a second sort of pits was observed that is rarer and generally V-shaped. The different shapes may in fact reflect the stress-strain relations associated with different dislocation defects on the surface. It is interesting to point out that these two types of etch pit morphology were also observed by Brantley (1992, 1993) in calcite. These observations are also in good agreement with the results of SEM studies performed on the same sample at the end of the run after 168 hrs. The lateral resolution of the interferometer (about a micron) is less than that of the SEM. Nevertheless, these observations confirm that the lateral resolution provided by the interferometer is good enough to observe a ''realistic'' picture even of small lateral surface features.
The increase in depth of single etch pits was measured as a function of time for many locations. Here, results are presented for etch pit growth in two representative regions of the anorthite surface (for a total of 20 pits in region [04] and 12 pits in region [11] Table 3 shows the increase of the pit width after 48 and 168 hrs. Figures 7 and 8 show the depth evolution graphically. All measurements were taken in the following way using the MAPVUE software: two-dimensional images of the two regions were used to locate and number the etch pits of interest at each run time. Then, line-profiles were chosen which cut the particular etch pit always at its deepest spot. The depth of this location was then measured relative to the neighboring flat surface area at the right and left sides of the pit. Finally, the average of these two (sometimes four) measurements were taken and plotted versus the run time.
The etch pit depth measurement procedure works well for run times less than 84 hrs. After about 84 hrs, the etch pit density (number of etch pits per surface area) has increased in a way that coalescence is important, and large parts of the flatlands start to disappear. Coalescence and dissappearance of the ''flatlands'' leads to effectively shallower etch pits relative to the new flat surfaces. By this time, the surface roughness has increased dramatically. This observation explains why the depths of the etch pits increase for the first 120 hrs of run time in region [04] ( fig. 7 ) and then decrease. shows similar behavior for the etch pits of region [11] , although not all etch pits become shallower at later times.
In general, the dissolution mechanism seems to be controlled initially (up to 120 hrs) by the development of etch pits, then later by the retreat of the bulk surface. This important result elucidates a change in the overall dissolution process. If one would study the kinetics only in the beginning, the results obtained from such ''initial rate'' experiments might be misleading.
Another important result is that there are two different types of etch pits. One type consists of small etch pits that stay relatively small (see tables 2 and 3) and dissolve slowly. These etch pits are the most numerous and can be seen to cluster (white lines) in figure 7 . The clustering is not as clear in figure 8 . The other type are etch pits that dissolve much faster and grow, therefore, consistently larger and deeper. After about 80 hrs, the latter type of pits (which is rarer) is about three times deeper than the small type. It should be stressed that the distinction of etch pit type is not as sharp in the data from surface region [11] (fig. 8) as it is in the data from surface region [04] . A more precise discussion of the variation in dissolution rates of different parts of the surface will be discussed in the next section.
3.3 Difference profiles.-The detailed profiles obtained from the interferometry can be used to learn quite a bit about the details of the kinetics of mineral surface dissolution. One of the simplest ways is to compare the differences between subsequent surface profiles. These profiles were obtained by first making sure that the profiles were 
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kinetics of anorthite: The role of reactive surface areaabsolutely level and then ''docking'' the earlier profile to the later profile. The ''docked'' profiles are then subtracted to produce a difference profile. Reaction rates are determined from the surface-normal retreat (or advance) of the anorthite surface over time as given by this difference profile. The surface-normal rate of dissolution, v n , (in cm/sec) is simply: 
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It should be stressed that the quantity, v n , is the fundamental kinetic entity used in all scientific treatments of crystal growth (Lasaga, 1998 and references therein) . At a given location on the profile over the period between t 0 and t 1 , where ⌬h is the change downward in the surface height as measured by the interferometer. Note that this measured surface rate can be directly compared with the bulk surface rate of anorthite powder experiments if the part of the surface studied represents the dominant bulk dissolution rate. Otherwise, our measurement of v n would be appropriate for the particular crystal surface that is being studied by the interferometer, for example the (010) surface in our case. The dissolution rate constant, k ϩ , in the usual units of moles/cm2/sec, can be obtained from the relation:
where V i is the molar volume (cm 3 /moles) of mineral i, (here: anorthite). Using our interferometry technique, the rate constant can be determined independently from any assumptions about the BET or reactive surface areas. This point has caused some confusion and deserves some discussion. The last equation relates v n and k ϩ using the molar volume. The value of v n is obtained by actually measuring the change in height (in the tens of Ångstroms scale) at a locality, which in our case, has lateral extensions of about 0.5 microns on a side. One may then argue that the rate measured assumes the geometric area of a 0.5 micron ϫ 0.5 micron square. However, the change in height is not assumed but actually measured. This procedure is quite different from measuring the dissolution of a sphere of anorthite and then using the geometric area of the sphere to calculate k ϩ . In the latter case, the change in height at a specific small locality is assumed to be the same everywhere. On the contrary, our results show that the variability in v n is quite large over different parts of the anorthite surface. It is true that we are limited at present with a 0.5 micron resolution. Therefore, variations that occur on a sub-micron lateral scale would be averaged by our procedure. Ultimately, one would like to obtain v n with lateral resolution of 1 nanometer or less (that is similar to our vertical resolution). At this point, the system is measuring the actual molecular units coming and going, and the ''geometric area'' has converged to the actual molecular processes that form the ultimate quantitative treatment of any dissolution or growth process. Figure 9 shows a contour map of calculated rate constants, k ϩ , for one part of the anorthite surface (region [04] ). Note that the surface does not react uniformly as already indicated from the individual surface profiles. The difference profile can be analyzed by calculating a histogram of the various rates over the whole surface. This is shown in figure 10 . The histogram has a large peak around ''zero'' indicating parts of the surface where little reaction is taking place. The small number of positive values in the figure do not indicate precipitation; rather, the positive values arise from parts of the surface that are near the reference glue (see fig. 4A ). On the other hand, the histogram also shows several peaks in the dissolution rate. These peaks indicate several different rates that dominate the dissolution process. Each different rate corresponds to various different locations in the particular surface region (here: [04] ) that are reacting at the same rate. In fact, these different regions correspond to the families of etch pits discussed earlier. The separation of the dissolution rates into distinct bell-shaped curves in figure 10 might well correspond to the dissolution rates of the different dominant dislocations on the surface of the anorthite. Current TEM work is underway to ascertain this intriguing idea.
An interesting question that can be raised is whether the global average dissolution rate obtained from the entire surface considered here can be obtained by averaging smaller regions of the surface; that is, to what extent is the heterogeneity of the surface limited to smaller wavelengths than that represented by the entire surface. Figures 9, 11 and 12 illustrate an attack on this problem. The spatial extent of the heterogeneity was investigated by carrying out running averages of the dissolution rates using a sliding square area of varying length. As discussed above, figure 9 shows all individual rates obtained from the interferometric measurements. The contour plots of figure 11 show the averaged rates using sliding areas of 5 ϫ 5, 10 ϫ 10, and 20 ϫ 20 µm, respectively. It is evident that using a 20 ϫ 20 µm surface area is beginning to obtain a converged value for the bulk rate. However, there are still variations on a larger spatial scale. Figure 12 approaches this averaging question using histograms. The histograms in the figure were obtained by using sliding areas up to 80 ϫ 80 microns. The ideal scenario would be that as the size of the averaging region grows, the histogram would approach a bell-shaped curve with decreasing width and a mean given by the bulk rate. The interesting feature is that for averages larger than 20 ϫ 20 microns, the histograms exhibit two bell-shaped curves that sharpen considerably but do not disappear as the averaging region increases to 80 ϫ 80 micron. These results suggest that there are two large and distinct regions on our (010) anorthite surface with different dissolution characteristics. Obviously, future research needs to focus more on the reactive heterogeneity of mineral surfaces, in addition to the comparison of the kinetic behavior between mineral surfaces of different crystallographic orientation.
3.4. Absolute reactions rates.-While the relative movements of the anorthite surface give us much information on the heterogeneous reactivity of the surface and on the dissolution mechanism, one of the most interesting capabilities of the interferogram is to measure directly absolute dissolution or growth rates without having to make any assumptions. The theory of crystal growth (see Lasaga, 1998 ) is based on the rate of advance of any mineral surface normal to the surface plane, dh/dt, which we are now labeling here the absolute reaction rate. All the specific models such as the BCF model of dislocation (spiral) growth, the multi-step model, or the continuous growth models base their growth rate ultimately on dh/dt. On the other hand, bulk dissolution or growth experiments, cannot measure dh/dt directly but need to obtain a related quantity (kϩ) by inputting some normalization area, usually the BET surface area. Thus, using interferometry, we are able to answer the fundamental question whether the use of the BET surface area was a suitable proxy for the reactive surface area.
The dissolution features of region [04] have already been discussed. After 168 hrs, the adhesive that had covered the original flat cleavage surface was removed. The dramatic results are shown in figure 4E . The surface underneath the adhesive now looks just as the original surface did (see fig. 4E ). However, there has been a significant and interferometrically measurable movement of the reacting surface. The difference between the original surface and the final surface represents the net absolute dissolution rate for that region of the surface. Based on the data in figure 4E , the net bulk rate is calculated to be 5.7 ϫ 10 Ϫ13 [moles/(cm 2 sec)].
At this point, a comparison with measured bulk rates would be of interest. Oelkers and Schott (1995) measured the dissolution rate of anorthite at pH values near our experimental conditions. If we use their rate data, we obtain a value for k ϩ of 9 ϫ 10 Ϫ13 moles/(cm 2 sec). Comparing the bulk and absolute dissolution rate constants two things are clear: (1) the bulk value using BET is a bit faster than the real value for our cleavage surface, and (2) using BET surface area is, at least for the case of anorthite, a rather reasonable estimate of the reactive surface area.
Note that our calculation by focusing on v n (which is done in the entire growth literature) uses, in effect, the geometric surface area. However, the geometric surface area is about the same as the BET surface area in our case, because the initial surface is known to be flat. Thus, the similarity in the flow-through rate and our directly measured rate is not trivial and requires much more careful analysis. In all, these results are quite encouraging for the application of laboratory data to field situations. It may be that silicates and alumino-silicates can be dealt with reasonably well using BET surface areas; however, we need to study several more important silicates to ascertain this important problem. It should be mentioned that our preliminary data for dolomite dissolution shows that the situation is much worse for carbonates.
3.5. Future work.-The slow growth and dissolution rates of most of the aluminosilicates require hydrothermal conditions for the application of the VSWL interferometry. We have developed a hydrothermal recirculating system built from titanium and titanium alloys that operates up to 250°C and 200 bars and includes an internal pump that provides solution flow rates exceeding 10 ml/min. Injecting reagent solutions with HPLC pumps controls the solution chemistry. Therefore, the ⌬G dependence of the dissolution (precipitation) process(es) can be studied now by changing the saturation state of the solution during the experiment. Consequently, the combination of VSWL interferometry with the high temperature recirculation system now allows an experimental approach towards equilibrium conditions because the absolute reaction rates can be increased by higher temperatures.
CONCLUSIONS
With the vertical scanning white light interferometry (VSWLI) technique, it is now possible for the first time to measure reaction rates of mineral fluid interactions directly. Our technique is especially important for any studies involving slowly reacting aluminosilicates. The key to the success of the application is the combination of a large field of view (from about 22,000 µm 2 up to 250,000 µm 2 ) with a near-atomic scale vertical resolution (about 20Å) and the presence of a reference surface that allows absolute measurements of changes in surface heights. The differences in height, that is, the amount of retreat or progress normal to the sample surface can be translated directly into dissolution or growth rates, respectively. With this approach, we obtain bulk rates as well as the rates of specific surface features, for example, etch pits or steps. The new application of the VSWLI technique allows us, in contrast to AFM/SFM techniques, to study the reaction process both over a large surface area and over long duration times in the laboratory, that is, days, weeks, or even months.
Analyses of our experimental results show clearly that the dissolution process of the anorthite (010) surface is strongly heterogeneous. The spatial extent of this heterogeneity was studied by carrying out running averages of the dissolution rates using a sliding square area of varying length. It was found that, if the single rates are averaged over surface areas of at least 10 ϫ 10 µm, the calculated dissolution rates converge. The average bulk rate is calculated to be 5.7 ϫ 10 Ϫ13 [moles/(cm 2 sec)]. Nonetheless, the rate of growth both vertically and laterally of individual etch pits was found to be much different from the average dissolution rate of the total surface. In fact, the rate of growth of the etch pits on the anorthite surface was found to be clearly bimodal, with dissolution rates of 2.7 ϫ 10 Ϫ12 and 6.6 ϫ 10 Ϫ12 [moles/(cm 2 sec)], up to an order of magnitude faster than the overall dissolution rate. In addition, the overall dissolution mechanism seems to be cyclic, that is, after about 84 hrs new flatlands seem to be produced by the coalescence of flat bottomed etch pits. These new flatlands can be subsequently attacked by a new generation of etch pits.
The results of mineral powder experiments reflect the influence of a variety of different surface sites on dissolution (precipitation) rates. Therefore, we need to measure reaction rates of specific surface features as well as bulk rates in order to distinguish the role of reactive versus total (BET) surface area. The direct measurement of the rates using VSWL interferometry yields a measured bulk rate of 5.7 ϫ 10 Ϫ13 [moles/(cm 2 sec)] which is in surprisingly good agreement with bulk rates determined with anorthite powders in combination with BET measured (total) surface data. This is true at least for anorthite under experimental conditions that are far away from equilibrium, that is, at the dissolution plateau. So far, the outcome of this study is certainly good news for the applicability of a large number of experimental dissolution studies done in the past in various laboratories.
However, our results elucidate at the same time the large complexity of the dissolution process. Future work is needed to understand the nature of the agreement between the BET rates and our direct rates. This analysis is critical because proper scaling of the heterogeneous rates from the atomic scale to the laboratory scale and finally to the field is a non-trivial task. In addition, much more work needs to be done to understand the influence of factors such as ⌬G and inhibitors/catalysts in a wide range of experimental conditions. VSWL interferometry is a perfect tool to approach these questions in the future. The application of a high temperature recirculation system that we have developed recently will open up a whole new field of new experimental possibilities. In addition, the ability to perform in situ measurements over a long time will improve our experimental approach even more. P. A. Gluhosky, Y. McLaughlin, and V. M. Sletten were very helpful in questions of computer graphics. We are also very grateful to J. O. Eckert for great help with the SEM-facilities and to S. Chang for ICP analyses. The authors would like to acknowledge gratefully support for this study from the Department of Energy (grant-# DE-FG02-90ER14153), the National Science Foundation (grant-# EAR-9628238 and EAR-9526794), and the Alexander von Humboldt-Foundation.
